It is controversial as to whether ketone bodies are utilized by the human brain as a fuel alternative to glucose during hypoglycaemia. To clarify the issue, we studied 10 normal volunteers during an experimental hypoglycaemia closely mimicking the clinical hypoglycaemia of patients with Type 1 (insulin-dependent) diabetes mellitus or insulinoma. Hypoglycaemia was induced by a continuous infusion of insulin (0.40 mU.kg-l.min -~ for 8h, plasma insulin 180 pmol/1) which decreased the plasma glucose concentration to approximately 3.1 retool/1 during the last 3 h of the studies. Subjects were studied on two occasions, i.e. spontaneous, counterregulatory-induced post-hypoglycaemic increase in 3-fl-hydroxybutyrate (from = 0.2 to ~-1.1 mmol/1 at 8 h), or prevention of post-hypoglycaemic hyperketonaemia (plasma fl-hydroxybutyrate = 0.1mmol/1 throughout the study) after administration of acipimox, a potent inhibitor of lipolysis. In the latter study, glucose was infused to match the hypoglycaemia observed in the former study. The glycaemic thresholds and overall responses of counterregulatory hormones, symptoms (both autonomic and neuroglycopenic), and deterioration of cognitive function (psychomotor tests) were superimposable in the control study in which ketones increased spontaneously after onset of hypoglycaemic counterregulation, as compared to the study in which ketones were suppressed (p = NS). The fact that responses of counterregulatory hormones, symptoms and deterioration in cognitive function were not exaggerated when posthypoglycaemic hyperketonaemia was prevented, indicate that during hypoglycaemia, the counterregulatory-induced endogenous hyperketonaemia does not provide the human brain with an alternative substrate to glucose. Thus, it is concluded that during hypoglycaemia, endogenous hyperketonaemia does not contribute to brain metabolism and function.
mones, symptoms (both autonomic and neuroglycopenic), and deterioration of cognitive function (psychomotor tests) were superimposable in the control study in which ketones increased spontaneously after onset of hypoglycaemic counterregulation, as compared to the study in which ketones were suppressed (p = NS). The fact that responses of counterregulatory hormones, symptoms and deterioration in cognitive function were not exaggerated when posthypoglycaemic hyperketonaemia was prevented, indicate that during hypoglycaemia, the counterregulatory-induced endogenous hyperketonaemia does not provide the human brain with an alternative substrate to glucose. Thus, it is concluded that during hypoglycaemia, endogenous hyperketonaemia does not contribute to brain metabolism and function.
Key words: Hypoglycaemia, counterregulatory hormones, symptoms, cognitive function, brain fuel, ketone bodies.
If the plasma glucose concentration acutely decreases below approximately 2.8 mmol/1, the resulting neuroglycopenia impairs brain function [1] . This occurs despite the availability of alternative substrates that the brain can potentially oxidize, such as ketones, lactate and amino acids [2] . Thus, glucose is the major, if not the exclusive fuel for brain metabolism [3] .
However, the fact that neuroglycopenia develops during hypoglycaemia despite the increased availability of substrates such as ketone bodies, after onset of counterregulation to hypoglycaemia [4] , does not necessarily rule out a role for ketones as brain fuel during hypoglycaemia. One might hypothesize that neuroglycopenia could result in an earlier and/or more severe impairment in brain function if ketones had not increased in plasma during hypoglycaemia.
Although it has been demonstrated that the brain predominantly utilizes ketones during prolonged fasting in man [5] , and even in acute conditions in animals [6, 7] , it is controversial as to whether ketones contribute to brain metabolism during acute, insulin-induced hypoglycaemia in humans. Frolund et al. [8] found no effect of a ketone infusion during hypoglycaemia. In contrast, Amiel et al. [9] reported evidence of utilization by the brain of ketones infused during insulin-induced hypoglycaemia. If ketones were fuel for the brain during hypoglycaemia as the study of Amiel et al. [9] indicates, then the rebound increase in plasma ketones during hypoglycaemia mimicking the clinical situation [4] , should provide, at least in part, an alternative substrate for the brain. A physiological approach to test this hypothesis, is to establish if brain-mediated responses to hypoglycaemia are more pronounced when the endogenous hyperketonaemia in response to hypoglycaemia is prevented.
The present studies were undertaken to test the hypothesis that the spontaneous rebound increase in plasma ketones during acute, insulin-induced hypoglycaemia contributes to brain metabolism and function. To investigate this, the counterregulatory hormone responses, symptoms, and deterioration of cognitive function in acute, insulin-induced hypoglycaemia were studied under two conditions, i.e. spontaneous increase in plasma ketones after counterregulation, as well as prevention of hyperketonaemia after administration of acipimox to block lipolysis [10] .
Subjects and methods

Subjects.
Informed consent was obtained from 10 healthy volunteers (five males and five females) aged 24 + 1 years, with a body mass index of 23.7 + 1.0 kg/m 2, and with no family history of diabetes or other endocrine diseases. Each subject was studied on two different occasions. With the exception of one subject who was restudied after 1 week, the remaining subjects were restudied after 3-4 weeks. For 3 days before the studies all subjects consumed a weight-maintenance diet containing at least 250 g carbohydrate.
Protocol
Institutional Review Board approval was obtained for these studies. All subjects were admitted to the Clinical Research Centre of the Istituto di Medicina Interna e Scienze Endocrine e Metaboliche, University of Perugia, between 06.30 and 07.00 hours, after an overnight fast (10-12 h). They were placed on bed rest and maintained in the supine position throughout the experiments. To obtain arterialized-venous blood samples [11], a dorsal hand vein was cannulated in a retrograde position with a 21-gauge butterfly needle, with the hand maintained at 60-65 ~ in a thermoregulated plexiglass box. An antecubital vein of the contralateral arm was cannulated with an 18-gauge catheter and used for the infusion of insulin and, when required, glucose (20% solution) by means of separate syringe pumps (Harvard Apparatus Co., Inc., The Ealing Co., South Natick, Mass., USA). Both forearm and venous lines were kept patent by infusion of 0.9 % NaC1 by means of two separate peristaltic pumps (VM 8000 M; Vial Medical, St-Martin-Le-Vinoux, Grenoble, France), at a rate of 30 ml/h.
In the first set of experiments (control study), to induce moderate hypoglycaemia, insulin (Actrapid HM IU-40; Novo Nordisk, Copenhagen, Denmark), diluted to i IU/mI in 100 ml of 0.9 % NaC1 containing 2 ml of the subject's blood, was intravenously infused at the rate of 0.40 mU-kg -~. rain -1 for 8 h with a syringe pump (Harvard Apparatus Co.). This intravenous rate of insulin infusion was chosen to reproduce the mild hyperinsulinaemia observed in previous studies during subcutaneous insulin infusion in normal man [4] , and to simulate the type of hypoglycaemia that may develop in diabetic patients undergoing intensive insulin therapy [12] [13] [14] [15] .
In the second set of experiments (henceforth referred to as blockade of ketogenesis study), insulin was infused as in the previous study, but acipimox (5-methyl-pyrazene-carboxylic acid 4-oxide, O1-betam; Farmitalia Carlo Erba, Milan, Italy) (250 mg orally) was given at 60 min, and again at 240 min to block lipolysis. The sequence of studies was not randomized, neither were the studies double blind. Because we anticipated from a previous study [10] that suppression of lipolysis would result in impaired glucose counterregulation, glucose was infused when needed to prevent more severe hypoglycaemia and to maintain plasma glucose concentration at the values observed in the control study, based on plasma glucose concentration measured every 2.5-5 rain, as previously reported [4, 10] . This enabled us to avoid the confounding effects of lower plasma glucose concentrations in the blockade of ketogenesis study as compared to the control study, to prevent greater counterregulatory hormone responses because of severe hypoglycaemia, and also to avoid the discomforts and potential risks of severe hypoglycaemia.
Arterialized-venous blood samples were drawn every 30 min from -30 to 480 min for determination of glucoregulatory hormones C. Fanelli et al.: Brain fuel in hypoglycaemia and substrates. A semiquantitative symptom questionnaire was compiled every 30 min. Subjects scored from 0 (none) to 5 (severe) for each of the following symptoms: dizziness, tingling, blurred vision, difficulty in thinking, faintness, anxiety, palpitations, hunger, sweating, irritability, or tremor. In accordance with previous classifications [1, [16] [17] [18] , the first five symptoms were considered neuroglycopenic and the last six were considered autonomic. The sum of each of these constituted the symptom score. In addition, at baseline and at 1-h intervals thereafter, the following standard cognitive tests were compiled: trail-making part B, verbal fluency, interference subtest from the Stroop test, simple and choice visual reaction time, word and colour subtest from the Stroop test, digit vigilance test, trail-making part A, verbal memory test and forward and backward digit span, as previously described [1] . On the evening before the study, the subjects extensively practiced each test. For the actual study, nine alternate forms were prepared. Subjects were not informed of their plasma glucose during the studies.
Analyses. Blood samples were collected at 30-min intervals and assayed for glucose (Beckman Glucose Analyzer, Beckman Instruments, Fullerton, Calif., USA), insulin, C-peptide, cortisol, growth hormone, adrenaline and noradrenaline by previously described assays [19] . Glucagon was measured by a radioenzymatic assay using a commercially available kit (ICN, Biomedical, Inc., Costa Mesa, Calif., USA). Plasma non-esterified fatty acids (NEFA) were measured by an enzymatic colorimetric method (Wako NEFA C test kit; Wako Chemicals GmbH, Neuss, Germany), and 3-~-hydroxybutyrate, glycerol, alanine and lactate by a previously described method [20] .
Statistical analysis
Data in text and figures are given as mean + SEM, and the statistical significance was evaluated using analysis of variance corrected for repeated measures [21] . A p value less than 0.05 was considered significant. Glycaemic threshold for a given parameter was defined as the plasma glucose concentration at which the parameter first exceeded the 95 % confidence limit observed for changes in that parameter at baseline (euglycaemia). Because of differences in units of treatment, results of cognitive tests were transformed to z-scores (individual value minus mean divided by standard deviation) [21] to permit their summation to obtain one unitless value for evaluation [1] . A commercially available software package (CSS, Stasoft, Tulsa, Okla., USA) was used for statistical analysis.
Results
Plasma insulin and C-peptide concentrations
Plasma insulin concentrations increased approximately 3.5-fold during the 480 min insulin infusion in the control (from 49 + 7 to 181+ 12 pmol/1) and suppression of ketogenesis experiments (from 55 +5 pmol/1 to 178 + 14 pmol/1) (p = NS). Plasma C-peptide was similarly suppressed on both occasions (data not shown).
Plasma glucose, rates of glucose infusion, plasma NEFA, and 3-fl-hydroxybutyrate (Fig. 1) In the control study, plasma glucose decreased progressively from 4.8+0.1mmol/1 to 3.1+0.1mmol/1 by 480 min. After initial suppression by insulin, plasma NEFA increased, and at 480 min they were greater than at baseline (0.72 • 0.06 mmol/1 vs 0.51 • 0.07 mmogl, p < 0.05). Also plasma 3-fl-hydroxybutyrate was initially suppressed, but by the end of the study, had increased above baseline (1.06 • 0.17 mmol/1 vs 0.23 + 0.06 mmol/1, p < 0.05). When acipimox was administered to block ketogenesis, the decrease in plasma glucose was initially similar to that of the control study. However, after 150 mba, glucose had to be infused in order to maintain plasma glucose at the hypoglycaemic values of the control study. In contrast to the control study in which both plasma NEFA and 3-fl-hydroxybutyrate increased progressively after 240 min above baseline, in the blockade of ketogenesis study plasma NEFA and 3-fl-hydroxybutyrate concentrations remained suppressed until the end of the experiments (0.09 + 0.02 mmol/1 and 0.1 • 0.01 mmol/1 at 480 min, NEFA and 3-fl-hydroxybutyrate, respectively).
Plasma glycerol, lactate and alanine concentrations (Table 1)
Plasma glycerol showed the same pattern as NEFA and 3-fl-hydroxybutyrate. Plasma lactate was slightly, although not significantly greater in the blockade of ketogenesis studies (1049_+66gmol/1) than in the control studies (867+81 btmol/1). Plasma alanine decreased in both studies, but to a lesser extent in the blockade of ketogenesis study (p < 0.05 after 240 min).
Plasma counterregulatory hormones (Fig. 2)
Plasma glucagon and epinephrine concentrations increased at 150 min (in response to a decrease in plasma glucose concentration to 3.7+0.1 retool/l), to a comparable extent in both studies (p = NS). Plasma cortisol (at 180 min, when plasma glucose was 3.5 + 0.11 mmol/1) and plasma noradrenaline (at 300 min, when plasma glucose was 3.2 + 0.1 mmol/1) also increased similarly in both studies (p = NS). The plasma growth hormone response was greater after 360 min in the blockade of ketogenesis study as compared to the control study (1.04 _+ 0.05 pmol/1 vs 0.29 + 0.05 pmol/1, p < 0.05). 
Autonomic and neuroglycopenic symptoms and cognitive function (Table 2 and Fig. 3)
Autonomic and neuroglycopenic symptom scores increased to a similar extent in both studies after 330 min when plasma glucose concentration was 3.2 + 0.1 mmol/1 (score autonomic symptoms 3.2 + 0.3 and 3.3 + 0.4; score neuroglycopenic symptoms 3.5 + 0.4 and 3.2 + 0.4, control and blockade of ketogenesis studies, respectively, p = NS). Deterioration of cognitive function during hypoglycaemia was similar in the control study and in the blockade of ketogenesis study both in terms of individual cognitive tests (Table 2) as well as sum of z scores (Fig. 3) although it did not reach the statistical significance in either of the two studies.
Glycaemic thresholds of responses of counterregulatory hormones and symptoms of hypoglycaemia (Table 3)
Glycaemic thresholds of responses of counterregulatory hormones and symptoms (both autonomic and neuroglycopenic) to hypoglycaemia were similar in the control study and in the studies of blockade of ketogenesis = NS).
Discussion
The present studies were designed to test the hypothesis that spontaneous hyperketonaemia following counterregulation of insulin-induced hypoglycaemia, might provide the brain with an alternative fuel, and protect brain function from neuroglycopenia. Our results indicate that neither the glycaemic thresholds, nor the overall responses of counterregulatory hormones and symptoms (both autonomic and neuroglycopenic), nor the deterioration of cognitive function during hypoglycaemia, worsen when spontaneous post-hypoglycaemic hyperketonaemia is prevented -the opposite results would be anticipated had ketones been able to substitute for glucose as oxidative fuel in the brain. Thus, the hypothesis that ketones can be used by the human brain as an alternative fuel for glucose following the onset of hypoglycaemia should be rejected, at least in physiological conditions mimicking the changes in plasma glucose and ketones observed in the clinical hypoglycaemia of patients with Type I (insulin-dependent) diabetes mellitus [4, 12, 13] . Previous studies in humans addressing the issue of the use of alternative substrates during hypoglycaemia by the human brain have been based on an infusion of ketones, and have yielded conflicting results [8, 9] . Frolund et al. [8] Table 3 . Glycaemic thresholds of plasma counterregulatory hormone and symptom responses (mean + SEM) to hypoglycaemia in the control, and blockade of ketogenesis studies. Glycaemic thresholds were defined as the plasma glucose concentration (expressed in mmot/t) at which the parameter first exceeded the 95%confidence limit observed for changes in that parameter at baseline (euglycaemia)
Control study Blockade of ketogenesis study found no effects of a fl-hydroxybutyrate infusion during acute hypoglycaemia. In contrast, Am• et al. [9] reported that responses of plasma adrenaline, growth hormone and cortisol to hypoglycaemia, slowly induced over a 4-h period by infusion of both insulin and glucose, were reduced when fl-hydroxybutyrate was also infused. A similar finding has recently been reported by Veneman et al. [22] .
To the best of our knowledge, the present study is the first to address the question of the possible effect on human brain metabolism of the spontaneous, i. e. physiologic rebound increase in endogenous plasma ketones after onset of counterregulation of hypoglycaemia. Notably, the conclusions of the present studies, i.e. that ketones are not a brain fuel during hypoglycaemia, are opposite to those of Am• et al. [9] and Veneman et al. [22] . However, in the studies of Amid et aI. [9] and Veneman et al. [22] , the infusion of fl-hydroxybutyrate was initiated approximately 1-2 h before plasma glucose decreased below the glycaemic threshold for release of adrenaline, and was continued throughout. Thus, in the studies of Am• et al. [9] and Veneman et al. [22] hyperketonaemia preceded by at least 1-2 h the onset of hypoglycaemia, whereas in the present study, endogenous hyperketonaemia followed the onset of hypoglycaemia by approximately 2 h. It is likely that in the study of Am• et al. [9] , the 10-fold increase in plasma ketone body concentration (plasma fl-hydroxybutyrate from = 0.06 mmol/1 to 0.6 mmol/1) during the 2 h prior to the onset of hypoglycaemia induced brain utilization of ketones, so that during the ensuing hypoglycaemia the brain continued to use ketones. This would support the concept of a lag phase required by the brain to adapt its metabolism to ketones [5] . In fact, previous studies have indicated that only after a prolonged fast do endogenous ketones become an important fuel for brain metabolism in the post-absorptive state [5] and during insulin-induced hypoglycaemia [23, 24] . What the studies of Am• et al. [9] and Veneman et al. [22] seem to indicate in this regard, is that a relatively short period of time, i.e. approximately 1-2 h of hyperketonaemia are sufficient to induce cerebral utilization of ketones. Interestingly, in the present studies the plasma concentration of fl-hydroxybutyrate after onset of counterregulation to hypoglycaemia, was nearly twice as high as compared to that in the studies of Amiel et al. [9] , but we found no evidence for brain utilization of ketones. Thus, it appears that the timing of increase in plasma ketones as compared to the onset of hypoglycaemia, more than the absolute plasma ketone concentration achieved, is the critical factor for utilization of ketones by the brain. A similar effect of timing of plasma increase in a substrate, has been reported to be important in conditions of metabolic competition between glucose and NEFA for oxidation at the muscle level [25] .
The present studies do not exclude that ketones cannot be used by the brain under special experimental conditions. It is well known that the necessary enzymes for ketone oxidation are present in the brain [26] , and that the transport of ketones through the blood-brain barrier via transporters of monocarboxylic acids is linearly related to arterial concentrations of ketones [27] . Experiments in animals indicate that ketones may be rapidly used by the brain. For example, intraperitoneal injection of acetate in the mouse [28] , or infusion of fl-hydroxybutyrate in the rat [7] reduce the signs of hypoglycaemia, and infusion of ketones in dogs leads to increased brain utilization of ketones and reduced counterregulatory response to hypoglycaemia [6] . However, the present studies indicate that the human brain cannot utilize ketones when they become available after onset of neuroglycopenia, i. e. in conditions closely mimicking the clinical hypoglycaemia of patients with Type 1 diabetes [12, 13] and insulinoma [29] . Thus, the fact that the human brain may partially replace glucose with ketones as fuel when exogenous ketones are infused before the onset of neuroglycopenia [9, 22] is interesting, but not relevant to the clinical situation of hypoglycaemia in which plasma ketones are initially suppressed and later increase [4] .
The metabolic effects of administration of acipimox in the present studies should be noted. First, acipimox effectively blocked lipolysis, as previously reported [10] . That ketogenesis remained blocked despite increases in plasma of several ketogenetic, counterregulatory hormones, reaffirms the key role of the substrate NEFA in promoting ketogenesis [30] . Secondly, glucose had to be infused when lipolysis and ketogenesis were blocked to maintain plasma glucose at the values of the control study. In theory, this might be due to reduced secretion of counterregulatory hormones, secondary to loss of compensation of brain metabolism by ketones, or to impaired counterregulation. The fact that counterregulatory hormones, with the exception of growth hormone, were superimposable in the two studies, and the recent demonstration of the importance of lipolysis in counterregulation [10] , indicates that the latter, not the former factor accounted for the need of glucose infusion. The growth hormone responses in the blockade of ketogenesis study were exaggerated as compared to the control study. This was most likely due to the well-known suppressive effects of NEFA on growth hormone release, as previously reported [10, 19] .
Finally, one could argue whether it would be teleologically advantageous for the brain to use ketones during neuroglycopenia. In theory, if the brain could acutely use ketones during hypoglycaemia, then the glycaemic thresholds of counterregulatory hormones and symptoms C. Fanelli et al.: Brain fuel in hypoglycaemia in response to hypogtycaemia would increase, i.e. greater decreases in blood glucose would be required to elicit a response, or maximal responses of hormones and symptoms to hypoglycaemia would be blunted, or both, as reported by Veneman et al. [22] . These higher glycaemic thresholds or decreased maximal responses, or both, would represent a serious threat to the safety of the brain and whole body, because ketones would only partially, not fully compensate for neuroglycopenia, as indicated by the studies of Amiel et al. [9] and Veneman et al. [22] . Therefore, if the brain used ketones during hypoglycaemia, the responses of counterregulatory hormones would be reduced, and the symptoms of neuroglycopenia would be masked, resulting in a clinical picture qualitatively similar to that of the hypoglycaemia unawareness of Type 1 diabetic patients [31] . Thus, to protect itself it is better that the brain does not use ketones during clinical hypoglycaemia.
